Abstract. The present study aimed to investigate the role of transcription factor E3 (TFE3) in the regulation of proliferation in renal adenocarcinoma cells. The LV-TFE3 overexpression (OE) lentivirus and negative control CON195 (NC) lentivirus were transfected into the ACHN cell line. Protein expression of FLAG-tag TFE3 was determined using western blot analysis. Differences in cell proliferation, plate clone formation and cell cycle distribution between OE and NC groups were compared using MTT, plate colony formation and flow cytometry assays, respectively. The levels of mammalian target of rapamycin (mTOR) and phosphorylated ribosomal protein S6 (p-rpS6) were analyzed by western blotting. Cell proliferation and colony formation increased significantly in the OE group compared with the NC group. The % of cells in the G1 and G2 phases of the cell cycle decreased, while the % of cells in the S phase of the cell cycle increased in the OE group compared with the NC group. In addition, mTOR and p-rpS6 levels were increased in the OE group compared with the NC group. The results of the present study demonstrated that TFE3 overexpression resulted in increased ACHN cell proliferation and plate clone formation. TFE3 may promote renal tumor growth by regulating cell cycle progression and activating the phosphatidylinositol 3-kinase/AKT serine/threonine kinase 1/mTOR signaling pathway.
Introduction
Xp11.2 translocation renal cell carcinomas (RCCs) are the most common subtype of pediatric RCCs, in addition to affecting ~1.5% of adults (1, 2) . Xp11.2 translocation RCCs were first identified to be a novel, genetically distinct disease in the 2010 World Health Organization renal tumor classification (3). Xp11.2 translocation RCCs are characterized by chromosomal translocations involving the Xp11.2 breakpoint, resulting in transcription factor E3 (TFE3) gene fusion. TFE3 fusion with other regulatory elements and TFE3 overexpression is a notable feature of Xp11.2 translocation RCCs (4).
TFE3 is a member of the basic helix-loop-helix leucine zipper family of transcription factors. TFE3 interacts with transcriptional regulators, including E2F transcription factor 3 (E2F3), SMAD family member 3 and lymphoid enhancer-binding factor 1, and serves an important role in cell growth and cell proliferation (1) . In addition, translocations/TFE3 fusions have been directly implicated in tumorigenesis (5) . However, the association between growth-related factors and the cell cycle-related factors that regulate the signal transduction pathways of TFE3-overexpressing cells has not been investigated.
Although Xp11.2 translocation RCCs predominantly occur in children and adolescents, the prognosis for adult translocation RCC is particularly poor (6) . The TFE3-mediated direct transcriptional upregulation of the Met tyrosine kinase receptor triggers the activation of downstream signaling pathways, such as the phosphatidylinositol 3-kinase (PI3K)/AKT serine/threonine kinase 1 (AKT)/mammalian target of rapamycin (mTOR) pathway and the Ras/mitogen-activated protein kinase (MAPK) pathway (7) . Temsirolimus directly interferes with the PI3K/AKT/mTOR signaling pathway by acting on mTOR and decreasing the activity of effector molecules, including phosphorylated ribosomal protein S6 (p-rpS6). Parikh et al (8) reported the successful treatment of adult Xp11.2 translocation RCC via temsirolimus. However, Choueiri et al (9) reported that certain patients with advanced translocation RCC develop progressive disease following temsirolimus treatment. Therefore, the role of mTOR in Xp11.2 translocation RCCs requires further investigation.
In the present study, renal adenocarcinoma ACHN cells were infected with the lentivirus LV-TFE3 to produce a stable TFE3-overexpressing cell line. Subsequently, the effects of TFE3 regulates renal adenocarcinoma cell proliferation via activation of the mTOR pathway 9 TU/ml in the NC group. ACHN cells were seeded at a concentration of 4x10 4 cells/well in 6-well culture plates, cultivated in the incubator for 12 h, and subsequently infected with OE or NC lentivirus at a multiplicity of infection of 10. The two lentiviruses in the OE and NC groups contained a puromycin-resistant cassette, which confers puromycin resistance to eukaryotic cells. The puromycin resistance gene is routinely used as a selectable marker for stably-transformed mammalian cell lines. The infected cells were cultivated for a further 72 h, and 2 µg/ml puromycin was added to each well. Following 48 h in culture, an inverted fluorescence microscope was used to analyze efficiency of overexpression (magnification, x100).
Western blot analysis. Total protein was isolated from cells using radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). A bicinchoninic acid assay was used to measure the total protein concentration. Equal amounts of protein (20 µg) were separated by 10% SDS-PAGE and subsequently transferred onto a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked in TBS-Tween 20 with 5% skim milk at room temperature for 1 h. The membranes were incubated with murine antibody against FLAG-tag (1:3,000; cat. no. F1804; Sigma-Aldrich; Merck KGaA), rabbit polyclonal antibody against mTOR (1:3,000; cat. no. 2936-1; Epitomics; Abcam, Cambridge, UK), rabbit polyclonal antibody against p-rpS6 (1:1,000; cat.
no. 4858; Cell Signaling Technology, Inc., Danvers, MA, USA) and murine antibody against human GADPH (1:2,000; cat. no. SC-32233; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 4˚C overnight. The membranes were subsequently incubated with appropriate peroxidase-conjugated secondary antibody mouse immunoglobulin G (1:5,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc.). Antibody binding was visualized using enhanced chemiluminescence solution (Pierce; Thermo Fisher Scientific, Inc.). GADPH was used as an endogenous control.
MTT assay. The cells were seeded into 96-well plates (2,000 cells/well) and incubated for 24 h, and subsequently treated with 20 µl 5 g/l MTT (Gen-View Scientific, Inc., El Monte, FL, USA) and incubated at 37˚C for 4 h. The supernatants were removed and 150 µl dimethyl sulfoxide (Sigma-Aldrich; Merck KGaA) was added to each well. The absorbance at 450 nm was measured using a microplate reader. The optical density value was measured each day for 5 days, and growth curves were produced.
Plate colony formation assay. Cells were seeded in 6-well plates; each group had three replicate wells and contained 500 cells/well. After 14 days, the cell colonies were visible to the naked eye. The cells were stained with Giemsa (cat. no. AR-0752; Shanghai Dingguo Biotech Co., Ltd., Shanghai, China) and the number of visible colonies containing >50 cells were quantified.
Analysis of cell cycle distribution using flow cytometry.
Following 5 days of transduction, the cells were trypsinized, washed with PBS, and fixed in 70% ethanol at 4˚C overnight. Cell cycle distribution analysis was performed using a cell cycle detection kit (BD Biosciences, Franklin Lakes, NJ, USA). The cells were incubated with propidium iodide at 37˚C for 30 min in the dark. The cell cycle was analyzed using BD FACSArray™ software (v6.0) on a BD FACSVerse flow cytometer (BD Biosciences).
Statistical analysis. Each experiment was repeated at least three times to ensure experimental repeatability. Data were expressed as the mean ± standard error of the mean, and analyses were performed using SPSS software (version 19.0; IBM Corp., Armonk, NY, USA). One-way analysis of variance followed by the Tukey test was used to compare multiple groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Overexpression of TEF3 in ACHN cells. ACHN cells in the OE (TFE3-overexpressing lentivirus) were cultured to 90% confluence and GFP fluorescence was observed under an inverted fluorescence microscope (Fig. 1A-D) . Following puromycin selection, the majority of the cells in the OE group were positive for GFP fluorescence, suggesting a stable overexpressing cell line was successfully constructed by the lentivirus transduction. The protein expression levels of TFE3 were also detected using western blot analysis (Fig. 1E) , and TFE3 overexpression in the OE cells was confirmed.
TFE3 overexpression enhances ACHN cell growth and proliferation. In order to evaluate the effect of TFE3 overexpression on the proliferation of ACHN cells, an MTT assay was performed. The results demonstrated that, under the same growth conditions, the growth rate was increased in the OE group compared with the NC group (P<0.05; Fig. 2A ), indicating that overexpression of TFE3 promoted the growth of ACHN cells. In addition, the colony formation assay demonstrated that the number of colonies in the NC and OE groups were 90±5 and 114±6, respectively. The colony formation ability was significantly increased in the OE group compared with the NC group (P<0.05; Fig. 2B and C) . TFE3 overexpression promotes the cell cycle progression of ACHN cells. In order to further investigate how TFE3 overexpression enhanced the proliferation of ACHN cells, cell cycle profiles were examined by flow cytometry. Compared with the NC group, the OE group exhibited decreased percent of cells in the G1 and G2 phases of the cell cycle, and increased percent of cells in the S phase (Fig. 3) . The results of the present study indicated that TEF3 promoted ACHN cell cycle progression.
TFE3 overexpression activates the mTOR pathway in ACHN
cells. mTOR and p-rpS6 protein expression levels were detected using western blot analysis. Compared with the NC group, mTOR and p-rpS6 levels were upregulated in the OE group (Fig. 4) . The results of the present study suggested that TFE3 may be involved in activating the mTOR pathway in ACHN cells.
Discussion
Xp11.2 translocation RCCs have been increasingly demonstrated to be a subset of RCC characterized by a variety of chromosomal translocations involving the TFE3 gene with a breakpoint at Xp11.2, resulting in fusion with a number of translocation partners, including papillary renal cell carcinoma, ASPSCR1 UBX domain containing tether for SLC2A4, splicing factor proline and glutamine rich, clathrin heavy chain and non-POU domain containing octamer-binding (10) . TFE3 protein is constitutively overexpressed in Xp11.2 translocation RCCs (4,11). Rao et al (12) suggested that TFE3-positive pediatric RCCs may be associated with poorer outcomes and higher stages (III/IV), compared with TFE3-negative RCCs. In addition, patients with Xp11.2 translocation RCCs frequently present at an advanced stage and demonstrate a more invasive clinical course and poorer prognosis, compared with patients with non-Xp11.2 translocation RCCs (13). However, the cytological mechanisms by which TFE3 overexpression may regulate the proliferation and cell cycle distribution in a renal adenocarcinoma model have not been reported.
In the present study, the TFE3 gene sequence was introduced in the human renal adenocarcinoma ACHN cells via a recombinant lentivirus. Puromycin was used to select and enrich for the infected cells and the fluorescence emitted from the GFP marker was observed under an inverted fluorescence microscope. The present study established TFE3-overexpressing cells and observed, through growth curves, that the TFE3-overexpressing cells grew more rapidly compared with the negative control group. In addition, the plate colony-forming assays demonstrated that TFE3 overexpression resulted in increased colony formation capacity compared with the negative control group. The results of the present study indicated that TFE3 overexpression promoted ACHN cell proliferation. Ploper et al (14) reviewed the role of micropthalmia-associated transcription factor (MITF) in lysosomal biogenesis, and how cancers overexpressing MITF, transcription factor EB or TFE3 are able to reorganize the lysosomal pathway and inhibit cellular senescence. The cell cycle analysis performed in the present study demonstrated that TFE3 overexpression promoted DNA synthesis and accelerated the cell cycle progression from G1 to S phase. The results of the present study may help to explain how TFE3 overexpression promotes ACHN cell proliferation. Giangrande et al (15) identified the TFE3 transcription factor to be a specific partner for E2F3, which is able to rescue retinoblastoma associated protein (Rb)-mediated growth arrest, providing a functional link between TFE3 and the Rb/E2F pathway. Leone et al (16) proposed that E2F3 activity serves an important role in the cell cycle of proliferating cells, controlling the expression of genes whose products limit the initiation of DNA replication, imparting a more marked control of S phase than may otherwise be achieved by post-transcriptional regulation alone. The results of the present study demonstrated that TFE3 overexpression likely promoted ACHN cell proliferation through cell cycle regulation, which is consistent with previous studies.
Transcription factors and cell signaling pathways serve important roles in carcinogenesis (17, 18) . The activation of membrane growth factor receptors drives cell proliferation signals through at least two biochemical pathways: the Western blot analysis demonstrated increased mTOR and p-rpS6 expression in the OE group compared with the NC and Con groups. GAPDH was used as a loading control. TFE3, transcription factor E3; mTOR, mammalian target of rapamycin; p-rpS6, phosphorylated ribosomal protein S6; OE, overexpression; NC, negative control; Con, control.
PI3K/AKT/mTOR and Ras/MAPK pathway. Overt activation of the PI3K/Akt/mTOR pathway has been observed in various types of human cancer, including RCCs (19) . Previous investigations have demonstrated that rpS6, the best-characterized downstream effector of mTOR complex 1, is upregulated in primary renal tumors with metastasis (19, 20) . Immunoreactivity for rpS6 may be used as a measure of the activation of the mTOR pathway, which promotes cell growth. In addition, rpS6 may be an important tool for stratifying patients with metastatic RCC into different risk groups and improving patient selection for mTOR-targeted therapies (21). Argani et al (22) demonstrated that targeting the mTOR signaling pathway may be an effective way to treat Xp11.2 translocation RCCs. The present study demonstrated that the mTOR and p-rpS6 levels were increased in the OE group compared with the NC group, suggesting that TFE3 overexpression improved the proliferative capacity of ACHN cells through the activation of the mTOR pathway.
In conclusion, the results of the present study indicated that an increase in TFE3 expression resulted in malignant phenotypes in renal adenocarcinoma ACHN cells. TFE3 may serve an important role in the regulation of the cell cycle and cell proliferation. Additionally, the results suggested that mTOR and rpS6 may be effective therapeutic targets for Xp11.2 translocation RCCs.
